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BACKGROUND 
The Clean A i r  Ac t  Amendments of 1990 (CAAA) i d e n t i f i e d  189 elements and compounds 
t h a t  are c l a s s i f i e d  by the  U.S. EPA as hazardous a i r  p o l l u t a n t s  (HAPS): Among 
these are eleven inorgan ic  t race  elements found i n  coal .  A p rov i s ion  o f  t he  CAAA 
requ i red  EPA t o  conduct a study of t he  hea l th  and environmental impacts o f  HAP 
emissions from e l e c t r i c  u t i l i t y  generat ing un i t s .  EPA has completed a number o f  
d ra f t  documents i n  compliance w i th  t h i s  mandate. For t race  element emission 
estimates, they have r e l i e d  on a number o f  f i e l d  t e s t s  which were conducted by 
a va r ie t y  of o rgan iza t ions  inc lud ing  the  U.S. Department o f  Energy (DOE). The 
DOE program u t i l i z e d  the  EPA Method 29 sampling t r a i n  t o  measure the  emissions 
Of t race  elements i nc lud ing  Se. EPA Method 29 i s  va l i da ted  f o r  municipal  waste 
combustor sampling bu t  no t  f o r  coal - f i r e d  combustion sources. 

The DOE program invo lved measurements a t  e igh t  c o a l - f i r e d  u t i l i t i e s  se lec ted  t o  
represent a c ross-sec t ion  o f  t he  c o a l - f i r e d  u t i l i t y  indus t ry  i n  regard t o  f u e l s  
and furnace conf igura t ions .  A l l  o f  
t he  t e s t  teams repor ted  low mater ia l  balance closures f o r  Se.' CONSOL R&D 
par t i c i pa ted  a t  two o f  these t e s t  s i t es :  Minnesota Power Clay Boswell and 
I l l i n o i s  Power Baldwin s ta t ions .  The Se balfnce closures f o r  t he  Boswell p l a n t  
ranged from 12% t o  21% and averaged 18.5%. The Se balance c losures  f o r  t he  
Baldwin p l a n t  ranged from 30% t o  60% and averaged 50%. Selenium i s  the  on ly  
element t h a t  showed a mater ia l  balance c losure  problem f o r  bo th  t e s t  s i t es ,  
i nd i ca t i ng  e i t h e r  a sampling o r  ana ly t i ca l  e r ro r .  A t  the  t h i r d  DOE A i r  Toxics 
Working Group Meeting, t he  poor Se balances obtained from the  e i g h t  s t a t i o n  t e s t s  
were discussed, bu t  there  were no c lea r  answers as t o  the  cause. The f a c t  t h a t  
a l l  o f  these programs showed low Se balance closures i s  evidence o f  a sampling 
o r  ana ly t i ca l  problem. 

A f te r  reviewing these resu l t s ,  CONSOL R&D conducted a sampling and ana ly t i ca l  
program t o  determine the  reasons f o r  t he  poor Se mater ia l  balances. Th is  program 
focused on two areas: 1) the  accuracy o f  sampling and a n a l y t i c a l  procedures f o r  
measuring Se i n  so l ids ,  and 2) t he  po ten t i a l  f o r  Se losses w i t h i n  the  combustion 
o r  sampling system. 

Selenium Proper t ies  
Among the  eleven t race  elements l i s t e d  as HAPS, Se has unique v o l a t i l i t y  
cha rac te r i s t i cs  t h a t  cou ld  r e s u l t  i n  sampling problems. A l l  o f  these eleven 
elements except mercury (Hg) and Se are predominantly (>99%) i n  the  s o l i d  phase 
a t  c o a l - f i r e d  f l u e  gas For these n o n - v o l a t i l e  elements, f l u e  
gas sampling i s  no t  requ i red  t o  complete a mater ia l  balance. Because o f  i t s  
vapor pressure, almost a l l  o f  the  Hg released dur ing  combustion should be present 
as a vapor. 

The equ i l i b r i um vapor pressure curve (F igure  1) f o r  Se (as SeO,) i nd i ca tes  t h a t  
t h i s  element can be przsent i n  both the  gas and s o l i d  phases a t  normal u t i l i t y  
f l u e  gas temperatures. The curve shows t h a t  there  can be a l a rge  change i n  the  
p a r t i t i o n i n g  o f  SeO, between the  gas and s o l i d  phases i n  the  temperature range 
o f  200 'F t o  300 'F. This  temperature range i s  important because i t  encompasses 
the  t y p i c a l  f l ue  gas exhaust temperature fo r  u t i l i t i e s  (-280 'F t o  300 'F) and 
the  opera t ing  temperature of t he  EPA Method 29 probe and f i l t e r  (258 'F f20 *F).  
The Se content i n  the  I l l i n o i s  coal  f i r e d  a t  the  Baldwin p l a n t  was 4 ppm (whole 
coal bas is ) .  If a l l  t he  Se i n  the  coal v o l a t i l i z e d  dur ing  combustion, t h i s  would 
r e s u l t  i n  a gas phase Se concentrat ion o f  approximately 97 ppbv. As the  f l u e  gas 
cools, some f rac t i on  of  t he  gas phase Se would condense. Table 1 shows the  
theo re t i ca l  d i s t r i b u t i o n  of Se between the  vapor and condensed phases a t  var ious 
temperatures. 

Selenium i s  the  on ly  Clean A i r  Act t race  element t h a t  undergoes t h i s  phase 
t r a n s i t i o n  i n  t h i s  temperature window. The imp l i ca t i on  o f  t h i s  phenomenon on Se 
sampling r e s u l t s  i s  discussed below. 

F ive  sampling teams performed the  t e s t i n g .  

S e l e n i m  i n  U.S. Coals 
There i s  a l i m i t e d  amount of in fo rmat ion  on the  Se contents o f  commercial ( i .e. ,  
as - f i red)  coals.  CONSOL has co l l ec ted  t race  element da ta  on over 250 coal 
samples represent ing  a wide cross-sect ion of U.S. coal p roduc t ion .  This database 
shows a Se- in-coal  concepra t i on  range of 0.5 t o  6.5 ppm (whole-coal basis)  w i th  
an average o f  -1.5 ppm. The recent DOE program invo lved n ine  coa ls  w i t h  Se 
concentrat ions between 0.85 ppm and 3.25 ppm. I n  a DOE-sponsored coal ana lys is  
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round r o b i n  study conducted by CONSOL R&D, Se determinat ions f o r  a NIST reference 
coal  ranged from 0.75 ppm t o  1.52 ppm compared t o  a c e r t i f i e d  value o f  1.29 ppm. 
Accuracies ranged from 42% low t o  15% i i g h .  Only one o f  the  t e n  repor ted  values 
was w i t h i n  10% o f  the  c e r t i f i e d  value. The d i f f i c u l t y  i n  ob ta in ing  an accurate 
Se- in-coal  de termina t ion  a t  concentrat ions t y p i c a l  f o r  coal  i s  c e r t a i n l y  a 
con t r i bu t i ng  f a c t o r  t o  t h e  unce r ta in t y  i n  mater ia l  balance closures.  

Trace element emission f a c t o r s  f o r  combustion sources are developed by using the  
t race  element concent ra t ion  i n  the  f u e l  and ca l cu la t i ng  a maximum uncont ro l led  
emission r a t e .  Th is  value then i s  adjusted t o  account f o r  bottom a s h - t o - f l y  ash 
p a r t i t i o n i n g ,  p a r t i c u l a t e -  to-gas p a r t i t i o n i n g  , and removal i n  con t ro l  devices. 
I n  many cases these p a r t i t i o n i n g  fac to rs  are estimated from the  best ava i l ab le  
t e s t  data. I f  poss ib le ,  t h e  estimated emission f a c t o r  i s  compared w i t h  emission 
measurements. The phase d i s t r i b u t i o n  o f  Se makes es t imat ion  o f  p a r t i t i o n i n g  and 
removal f ac to rs  d i f f i c u l t  and uncer ta in .  

The d i f f i c u l t y  i n  c l o s i n g  Se balances around c o a l - f i r e d  power p lan ts  leads t o  
unce r ta in t y  i n  the  v a l i d i t y  o f  t he  measured emissions and est imated emission 
fac to rs  based on these measurements. The accuracy o f  emission est imates i s  
important because they  u l t i m a t e l y  w i l l  be used i n  r i s k  assessments. 

RESULTS AND DISCUSSION 
This  research program was focused on two areas o f  concern: 

Analysis o f  selenium i n  process stream samples, 
Se losses i n  the  f l u e  gas ducts and EPA Method 29 sampling t r a i n .  

Analysis of Selenium i n  Process Stream Samples 
There are th ree  fac to rs  t h a t  con t r i bu te  t o  qood mater ia l  balance closures:  
ob ta in ing  a representa t ive  sample, accura te ly  measuring the  process stream f low-  
ra te ,  and an accurate chemical analysis.  Assuming t h a t  t he  f i r s t  two cond i t ions  
a re  met, t he  chemical ana lys i s  becomes the  most important step. However, the  
de terminat ion  o f  selenium i n  process stream samples can be d i f f i c u l t .  

Table 2 shows the r e s u l t s  of Se analyses conducted on a NIST coal  ash standard. 
These data show t h a t  t he  d i g e s t i o n  step ou t l i ned  i n  Method 29 procedures may no t  
be su i tab le  f o r  a l l  s o l i d  mater ia ls .  The Method 29 d iges t i on  (SW 846) invo lves  
the  d iges t i on  o f  -0.5 g of s o l i d s  w i t h  6 mL o f  concentrated HNO and 4 mL o f  
concentrated HF and e i t h e r  convent ional  heat ing  i n  a Parr  Bomb a% 285 ' F  ( s i x  
hours) o r  microwave heat ing.  Th is  d iges t i on  showed a low recovery f o r  Se and f o r  
a l l  o f  t he  HAPS elements. The CEM microwave procedure involves a mul t i -s tage 
d iges t i on  us ing  the  same ac ids  ou t l i ned  i n  the  Method 29 technique, bu t  w i t h  
l a r g e r  volumes and longer  d iges t i on  times. Th is  technique showed a very good Se 
recovery. The open-vessel technique showed low recover ies  f o r  Se, al though 
previous analyses o f  t h i s  ash standard have shown exce l l en t  recover ies  f o r  Se and 
the  non-vo la t i l e  t r a c e  elements. The low Se recover ies s p e c i f i c  t o  t h i s  
determinat ion are thought t o  be a r e s u l t  o f  uncont ro l led  f l u c t u a t i o n s  i n  the  
temperature used i n  t h e  d iges t i on .  Because o f  t he  low r e s u l t s  f o r  Se by open 
vessel d iges t ion ,  CONSOL R&D analyzed a v a r i e t y  of so l i ds  f o r  Se by f i r s t  
prepar ing the  sample us ing  hydropyro lys is .  I n  t h i s  procedure, t he  s o l i d s  a re  
pyrolyzed i n  a stream o f  excess a i r  and steam. The v o l a t i l e  Se i s  passed through 
a condenser and then i n t o  a NaOH scrubber s o l u t i o n  f o r  Se capture. Th is  s o l u t i o n  
i s  analyzed by ICP-MS. The e f f i c i e n c y  o f  t h i s  procedure has been v e r i f i e d  by the  
ana lys is  o f  SARM, NIST, and NBS standards. 

The open-vessel d iges t i on  technique has several  advantages. It i s  sa fe r  than the  
microwave technique, more t i m e - e f f i c i e n t  than the  o ther  procedures, and provides 
exce l l en t  elemental recover ies  fo r  most o f  t he  t race  elements o f  i n t e r e s t  (Hg 
determinat ions are  obtained us ing  a separate sample prepara t ion  technique).  Th i s  
work i nd i ca tes  t h a t  Se may be l o s t  dur ing  the  open vessel d iges t i on  step and 
add i t i ona l  work i s  being completed t o  determine the  c r i t i c a l  d iges t i on  tempera- 
t u r e  f o r  t h i s  procedure f o r  a v a r i e t y  o f  coal  ash matr ices.  

Conclusions drawn from these da ta  are t h a t  the  Method 29 procedure does n o t  
p rov ide  a s u f f i c i e n t l y  r i go rous  d iges t i on  f o r  coal ash samples. Typical  coal  f l y  
ash has a s t rong c l a y - s i l i c a t e  ma t r i x  which requ i res  e i t h e r  a more r i go rous  
d iges t i on  o r  l a r g e r  q u a n t i t i e s  o f  t he  acids. The same c r i t i c i s m  app l ies  t o  t h e  
ana lys is  o f  t he  Method 29 s o l i d  f rac t ion .  These data i nd i ca te  the  f r o n t - h a l f  
f i l t e r  ana lys is  can be biased low, which would l ead  t o  inaccura te  mater ia l  
balance closures.  

Selenium Losses i n  the  Flue Gas Ducts and Samplins T r a i n  
Because the  Se analyses o f  t he  coa l ,  ash, and Method 29 f r o n t - h a l f  samples cou ld  
be i n  e r ro r ,  Se mater ia l  balances from the  sampling programs a t  t he  Baldwin' and 
Boswel13 p lan ts  were reca lcu la ted  based on analyses obtained using the  hydro- 
py ro l ys i s  d iges t i on  techniques f o r  t he  process stream (coal and ash) samples. 
The Method 29 samples were no t  ava i l ab le  f o r  repeat analyses. The ash samples 
showed somewhat h igher  Se concentrat ions,  bu t  t he  increase had on ly  a small 
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effect  on the  Se balances. The selenium balances f o r  t he  Baldwin t e s t i n g  are  
shown i n  Table 3 .  

These data i nd i ca te  the  Se mater ia l  balance closures are  low by -5M. The Se 
i npu t  value i s  based on the  Se i n  the  coa l  which averaged 3.73 ppm (whole-coal 
basis)  f o r  these tes ts .  This ana lys is  was v e r i f i e d  as p a r t  o f  t he  DOE round 
r o b i n  which invo lved a comparative ana lys is  by f i v e  labs.  The Se values i n  the  
ESP ash samples were v e r i f i e d  through r e p l i c a t e  analyses and comparison w i t h  
standard reference mater ia ls .  The temperature o f  t he  f l u e  gas en te r ing  the  ESP 
was -340 'F and -330 'F a t  the  sampling l oca t i on .  The vapor pressure curve f o r  
SeO, a t  these temperatures i nd i ca tes  t h a t  a l l  o f  t he  ava i l ab le  Se should have 
been present i n  the  vapor s ta te .  Th is  i s  supported by the  low l e v e l  o f  Se i n  t he  
ESP ash samples. The Method 29 procedure c a l l s  f o r  a f r o n t - h a l f  (probe and 
f i l t e r )  temperature o f  258 'F t20 'F .  The vapor pressure curve a t  250 'F 
pred ic t s  a gas phase Se concent ra t ion  o f  8 ppbv. This value i s  very c lose  t o  the  
observed values (4, 6, and 7 ppbv). 

A poss ib le  explanat ion fo r  t he  poor Se balance f o r  t h i s  u t i l i t y  i s  t h a t  a t  t he  
Method 29 f r o n t - h a l f  sampling temperature (258 'F i20 'F) ,  t he  equ i l i b r i um 
between gas phase and s o l i d  phase Se i s  s h i f t e d  t o  the  s o l i d  phase. I n  reviewing 
the  f i e l d  sampling sheets, i t  was noted t h a t  the  normal v a r i a t i o n s  i n  the  heater 
box gave temperatures as low as 240 'F. As shown i n  Figure 1, t he  selenium vapor 
pressure a t  240 'F corresponds t o  a gas phase Se concent ra t ion  o f  on l y  3.5 ppbv, 
which i s  we l l  below what would be expected a t  t he  f l u e  gas temperature. The 
spec ia t ion  becomes more severe a t  lower temperatures and cou ld  be aggravated by 
i n s u f f i c i e n t  heat t o  the  sampling probe. I f  condensation occurs, t he  measurement 
o f  the  Se emissions becomes a func t i on  o f  t he  accuracy o f  t he  f r o n t - h a l f  ( s o l i d )  
f rac t i on .  For t h i s  program, the  f r o n t - h a l f  analyses were found t o  be 
~ n r e l i a b l e , ' , ~  and i t  was assumed t h a t  t he  p a r t i c u l a t e  phase Se was represented 
by the  ESP hopper ash samples. However, t he  ESP so l i ds  were c o l l e c t e d  a t  a p o i n t  
i n  the gas stream where the  gas temperature i s  -340 'F. A t  t h i s  temperature, 
almost a l l  o f  t he  Se i s  i n  the  gas phase. I t i s  l i k e l y  t h a t  a s i g n i f i c a n t  f r a c -  
t i o n  o f  t he  gas-phase Se condensed i n  the  f r o n t - h a l f  o f  t he  Method 29 sampling 
t r a i n  and was unaccounted f o r  due t o  the  i n a b i l i t y  t o  ob ta in  an accurate f r o n t -  
h a l f  (pa r t i cu la te )  Se ana lys is .  

CONSOL P i lo t -Sca le  Selenium SamDlina Resul ts 
CONSOL R&D conducted a ser ies  o f  12 Se measurements on the  f l u e  gas from a 1.5 MM 
Btu/hr p i l o t - s c a l e  coal  combustor (Figure 2) .  A l l  measurements were taken under 
t i g h t l y  con t ro l l ed  combustion cond i t ions  using a constant coa l  source. The on ly  
va r iab le  was the  f l u e  gas temperature. The gas phase emission r e s u l t s  from t h i s  
t e s t  and the  associated gas and sampling temperatures were compared. The t e s t  
w i t h  the  lowest f l u e  gas temperature (200 'F) a lso  showed the  lowest concentra- 
t i o n  o f  gas phase Se (2.9 ppbv). The t e s t  w i th  the  h ighes t  f l u e  gas temperature 
(335 'F )  resu l ted  i n  the  h ighes t  gas phase Se concentrat ion (9.3 ppbv). 

The percent o f  t he  ava i l ab le  Se found i n  the  gas phase ranged from 11% t o  34% and 
t h i s  value was dependent on the  temperature o f  t he  f l u e  gas and sampling equip- 
ment. Vapor pressure has an exponent ia l  dependence on temperature. However, 
because the  temperatures are  w i t h i n  a narrow range, a l i n e a r  c o r r e l a t i o n  ana lys is  
was conducted on the  data t o  assess the  co-var iance o f  gas phase Se concentra- 
t i ons  with f l u e  gas and sampling temperatures. The fo l l ow ing  co r re la t i ons  were 
obtained from t h i s  da ta  se t :  

~ 

Gas Phase Se Concentrat ion Cor re la ted  to: rz 

Duct Temperature 0.77 
Probe Temperature 0.51 
F i l t e r  Temperature 0.23 

These data show t h a t  t he  gas phase Se i s  moderately w e l l  co r re la ted  w i t h  the  
temperature of the  f l ue  gas and (more weakly) w i th  the  temperature a t  which the  
so l i ds  a re  co l l ec ted  i n  the  Method 29 t r a i n .  These da ta  suggest t h a t  t he  
p a r t i t i o n i n g  between gas and s o l i d  phase i s  in f luenced by these temperatures and 
supports the  mechanisms prev ious ly  discussed. The data a l so  show t h a t  co ld  spots 
i n  the f l u e  gas handl ing system or  the  sampling probe can decrease the  apparent 
gas phase Se concentrat ion (Figure 2 ) .  A decrease i n  temperature between one 
sampling p o s i t i o n  t o  the  next,  i n  the  temperature window o f  200 'F t o  300 'F 
could dep le te  the  vapor phase Se by depos i t ion  on the  s idewal ls  o r  on f l y  ash 
so l ids .  

CONCLUSIONS * The Method 29 ana ly t i ca l  procedure ( i nc lud ing  SW 846 d iges t i on )  shows a low 
b ias  f o r  most t race  elements commonly found i n  coa l  ash, i nc lud ing  Se. 
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* Ana ly t i ca l  b ias  (due t o  Se v o l a t i l i z a t i o n )  can occur du r ing  the  sample 
prepara t ion  (d iges t ion)  stage. * Se p a r t i t i o n i n g  i s  in f luenced by the  gas and sampling temperatures. 

* The Method 29 Sampling procedure can s h i f t  t he  apparent spec ia t ion  between 
gas phase and s o l i d  phase Se. 

* Mate r ia l  balance c losures  can be a f fec ted  i f  vapor phase and s o l i d  phase 
samples are taken a t  d i f f e r e n t  f l u e  gas temperatures. 
The simultaneous sampling and ana lys is  o f  Se i n  con junc t ion  w i t h  the  other 
elements as descr ibed i n  EPA Method 29 may lead t o  an inaccurate Se 
determinat ion.  

RECOMMENDATIONS 
This work represents an i n i t i a l  step t o  a more complete understanding o f  Se 
sampling i n  coal  combustion systems. There are  a number o f  research areas t h a t  
should be fu r the r  i nves t i ga ted  t o  improve t h i s  understanding and improve emission 
measurements. Recommendations f o r  f u t u r e  research are as fo l lows:  

* Conduct comparative M-29 sampling w i t h  the  f r o n t - h a l f  temperature a t  258'F 
and a t  t he  ac tua l  duc t  temperature. * Analyze M-29 f r o n t - h a l f  Se concentrat ions by bo th  the  511-846 technique and 
the  hydropyro lys is  method. * Inves t i ga te  more e f f e c t i v e  d iges t i on  techniques f o r  Se ana lys is  o f  s o l i d  
samples . 

* Conduct a Se balance program around a we l l - con t ro l l ed  system using the  
suggested mod i f i ca t ions .  
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Table 1. Theore t ica l  Phase D i s t r i b u t i o n  f o r  Se Emissions 

S o l i d  Phase ( F l y  ash) Vapor Phase 
TemPerature,'F ppmwt (a) % o f  To ta l  

96% 
220 130 
240 127 

260 117 87% 

280 90 67% 33% 

300 33 24% 74 76% - 
(a) Based on 10% ash i n  coal ,  70% bottom ash - 30% overhead ash r a t i o ,  and no 

Se i n  bottom ash 

816 



Table 2. Comparison o f  Se Resul ts on NIST 1633a 

*Designates in fo rmat iona l  values 

a) 
b) 
c )  

Digest ion and a n a l y t i c a l  procedure descr ibed i n  M-2g9 
Digest ion and ana ly t i ca l  procedure developed by CEM Corporation' 
Digest ion and ana ly t i ca l  procedure developed by CDNSOL R&D2p3 

Table 3. Selenium Mass Flowrates f o r  t he  Baldwin Process Streams 
( u n i t  i s  l b /h r * )  

* The values i ns ide  the  parentheses i nd i ca te  the  theo re t i ca l  vapor phase 

** concentrat ion i n  ppbv i f  a l l  o f  the  Se present was v o l a t i l i z e d  
Values obtained from the  Method 29 sampling t r a i n  

0 -- .A 
200 210 220 250 2.0 250 264 270 2110 290 300 310 320 

Gas Temperafurc. Y 

Figure 1. Vapor Pressure Curve f o r  SeD,. 


